Chick embryos infected with Akabane virus by the yolk sac route at 6 days of incubation developed polymyositis and encephalitis. At 3 to 7 days after inoculation, skeletal muscles had myotubule degeneration, clumping of muscle cell nuclei, and infiltration of heterophils; dysplasia and aplasia were evident at 9 to 15 days after inoculation. Changes in the cerebral neostriatum and optic lobes at 2 to 11 days after inoculation included necrosis of primordial nervous tissue, hemorrhages, and hyperplasia of the vascular endothelial cells. Cavities were in nervous tissue subsequent to encephalitis. Hydranencephaly and vascular wall thickening were found 13 and 15 days after inoculation. Embryos infected intravenously at 15 days incubation had foci of encephalitis 3 to 6 days after inoculation, including neuronal degeneration, neuroglial hyperplasia, vascular endothelial proliferation, and heterophil infiltration.
Akabane virus, one of the Bunyaviridae,I8 causes congenital abnormalities in calves, including arthrogryposis, scoliosis, kyphosis (thoracolumbar lordosis), torticollis, and myodysplasia (runt muscle disease); nervous system changes include lymphocytic encephalomyelitis, hydranencephaly, formation of cystic cavity, and absence or scarcity of neurons in the ventral horns of the spinal c~r d .~,~ By experimental infection of fetuses, congenital abnormalities similar to those of the spontaneous disease have been produced at birth in calves,10 lambs,I5-I7 and kids.* Animals infected experimentally have both encephalitic and myositic changes as primary lesions. Encephalitic changes occur in calve^,^ as well as in bovine,' ovine,I5 and caprine7 fetuses. Young experimental animals such as guinea pigs, hamsters, and mice also manifest encephalitic changes in which the virus antigens are demonstrated by the fluorescent antibody techniquel3.I4 and by the immunoperoxidase r n e t h~d .~ Myositis occurs in muscles of bovine and capnne fetuses during the myotubule phase to the beginning of the myofiber phase.7 Encephalitic and myositic changes have been reported in one young bovine fetus that had the spontaneous disease.6
Chick e m b r y o~,~J~ and others of the Bunyaviridae family,l' are susceptible to the virus, which produces developmental abnormalities. This paper describes chronological observations of encephalitic and myositic changes in chick embryos infected experimentally with Akabane virus from inoculation to hatching. We 1 have investigated the inflammatory-induced abnormalities during embryonal life.
Materials and Methods
Strain OBE-1 of Akabane virus was used for the experimental infection. It was passaged three times in the brain of suckling mice. The infected brains were made into 10% suspension with Eagle's MEM solution. The suspension was used for inoculation after it was centrifugated at 3,000 rpm for 15 minutes. Embryonating chicken eggs used for the infection were from two flocks of Nisseiken Line M and Kitasato SPF, both of which were confirmed to be free of the viruses of avian leukosis, Marek's disease, and avian encephalomyelitis.
Chick embryos in group 1 were from the Nisseiken Line M flock, and those in groups 2 and 3 were from the Kitasato SPF flock. At 6 days incubation, 24 embryos each in groups 1 and 2 were inoculated into the yolk sac with 0.1 ml of the viral suspension containing 1 O5 median tissue culture infective dose (TCID,,)/O. 1 ml in group 1, and 0.2 ml containing 104.4 TCID,,/0.2 ml in group 2. Eight embryos, each of the same age as the above, were used as the uninoculated controls for these groups. At 15 days incubation, each of 36 embryos in group 3 were inoculated intravenously2 with 1 04.4 TCID,,/ 0.2 ml of the virus. Six embryos of the same age served as uninoculated controls for this group.
For isolation of the virus, samples were collected from the inoculated embryos, one each at the same intervals as those used for the pathologic examination mentioned below. Methods for the virologic examination of the embryos have already been r e p~r t e d .~~~~~ For pathologic examination, samples from one uninocu- lated and three inoculated embryos were collected from groups 1 and 2 at 1 (group 1 only), 2 (group 2 only), 3, 5, 7, 9, 11, 13, and 15 days after inoculation. In addition, samples from one uninoculated and six inoculated embryos from group 3 were collected serially from 1 to 6 days after inoculation. All embryos examined histologically were fixed whole in a 10% formalin solution. Embryos obtained at 1 1 to 15 days after inoculation from groups 1 and 2, and all embryos from group 3, were put in 5% formic acid for 24 hours for decalcification after fixation. They were then rinsed in a 5% sodium sulfate solution and left overnight. When these procedures were completed, all the embryos were cut transversally into three to 12 tissue blocks. Heads from embryos collected at 13 to 15 days after inoculation from groups 1 and 2, and all those from group 3, were subjected to intermittent serial cross sections of the brain. Samples were embedded in paraffin, cut, and stained with hematoxylin and eosin (HE).
Results

Macroscopic changes
Chick embryos infected at 6 days incubation and examined 1 to 9 days later showed no significant changes when compared with controls. Infected embryos at 11 to 15 days had evidence of retarded growth and were markedly emaciated. Leg joints were frequently bent to the front at various angles. One embryo, collected 13 days after inoculation, had exencephaly and spina bifida; the dorsal portion of the cranial bone was absent. The brain was not covered by bone or skin and was compressed and flat. Vertebral bones were opened from the cervical to the thoracic region.
Chick embryos infected at 15 days incubation and collected 1 to 6 days after inoculation had no significant gross lesions.
Histologic changes
Chick embryos infected at 6 days incubation. The initial change seen in the central nervous system was necrotizing encephalitis, which was subsequently associated with cavity formation. A hemorrhagic focus was formed in the neostriatum of the cerebral hemisphere. Necrotizing fragments of undifferentiated nervous tissue were mixed with erythrocytes in the focus in one of the nine embryos examined at 2 and 3 days after inoculation (Table 1) .
In the optic lobe of one embryo examined at 5 and 7 days after inoculation, ependymal cells were degenerate and formed a cavity in nervous tissue under the ependymal layer bilaterally (Fig. 1 ). Because part of the degenerate ependymal layer was absent, nervous tissue was exposed to the optic ventricle directly in the region where capillaries were increased in number.
Endothelial cells were hyperplastic on and around capillaries and small blood vessels in the neostriatum and optic lobes. They had oval nuclei, composed of sparse chromatin nets, and their cytoplasms were abundant and irregular in shape (Fig. 2 ). The change was predominant in embryos examined at 5 and 7 days after inoculation.
Cavities had formed in the neostriatum of the cerebral hemisphere (Fig. 3 ). The inner surface was lined by monolayers of primordial cells. Some cavities were filled with erythrocytes; others were joined with adjacent ones and enlarged. Cavities had formed in isolation or in groups in a bilateral arrangement, mainly in the neostriatum, and distributed throughout the hemisphere. Cavities were in six of 12 embryos examined; two at 5 days after inoculation, and four at 7 days after inoculation.
In late stages, there were hydranencephaly and vascular wall thickening. Absence of the neostriatum in the cerebral hemisphere was seen first in one embryo in each of groups 1 and 2 at 1 1 days after inoculation. The change was more prominent in seven of 12 embryos examined at 13 and 15 days after inoculation. In the intermittent serial sections of the brain, the neostriatum had a moth-eaten appearance in the hemisphere at the cross section leading to the diencephalon or in the rostra1 portion of the optic lobe, followed by a gradual disappearance of the caudal portion of the neostriatum in the outlying area. Because of the absence of the neostriatum of the hemisphere, only the outer layer of the hemisphere, mainly consisting of the hyperstriatum, remained at the cross sections located in the caudal portion of the diencephalon and in the outlying area. Thus, the cerebral hemisphere was sacshaped and covered with thin nervous tissue that was compressed by an accumulation of cerebrospinal fluid. The brain lesion, which appeared in the absence of the cerebral hemisphere and with the accumulation of cerebrospinal fluid, was hydranencephaly (Figs. 4, 5) . The primordial granular layer and the white substance of folia in the cerebellum were involved with focal rarefication in one embryo examined at 11 days after inoculation. Walls of the small blood vessels were thickened in the neostriatum and the optic lobe. Vascular wall thickening was sometimes associated with endothelial cell hyperplasia and heterophil leukocyte infiltration in some embryos. The lateral ventricle and the ventricle of the optic lobe were enlarged.
Although the myositic change in the skeletal muscle was found in some embryos as early as 2 and 3 days after inoculation, it was more marked in all 12 embryos examined at 5 and 7 days (Table 2) .
Myotubules were degenerate and fragmented (Fig.   6 ). Myotubule fragments were in small clumps, and appeared granular or hyaline. Their nuclei were pyknotic. Myotubules were interrupted, becoming irregular in shape and size. Some were shortened and separated from one another, and others were confluent with adjacent ones. Muscle cell nuclei were clumped in the superficial layer of the myotubules, which were altered in shape and size (Fig. 7) . Heterophil leukocytes were among degenerate myotubules, as well as those containing clumped nuclei. These myositic changes developed into many foci around blood vessels in the muscle bundle. They were distributed widely in skeletal muscle throughout the body and limbs. Degenerative changes were more marked in those examined 5 days after inoculation than in those examined at 7 days. By contrast, clumping of muscle cell nuclei in myotubules was more prominent in the embryos examined at 7 days after inoculation, and the change was most conspicuous in group 1 embryos.
Development of skeletal muscle at 15 and 17 days incubation was in the transitional phase between myotubules and myofibers. Abnormal differentiation, the dysplastic change of the myofiber, was seen in all 12 embryos examined at 9 and 11 days after inoculation, or the transitional phase. Unusual muscular elements for this stage were frequently seen in the affected bundles. Myotubules were scattered and varied in length. Muscle cell nuclei were still clumped in the superficial layer of the tubules. Extremely small myofibers were seen among the abnormal myotubules; they were single cell-like, uni-or binuclear, and without striations. These myofibers were smaller and had fewer nuclei than the newly formed normal myofibers in this stage of development; that is, at 15 to 17 days incubation. Adipose cells aggregated around blood vessels. A few infiltrated leukocytes were only in a part of the limited bundles. Skeletal muscle in these stages, 19 and 21 days incubation, was in the myofiber phase. In the muscle tissue of the uninoculated control embryos, the myofibers increased in number and size and had cross striations. Myotubules were no longer seen among myofibers in the bundles.
The dysplastic change at this stage was Characterized by three types of muscular elements that appeared at different developmental stages and were intermingled in the affected bundle. Well-developed striated myofibers were interrupted and became shortened or slender. Abnormal myotubules and extremely small myofibers were seen together in a single bundle (Fig. 8 ). Myotubules were also interrupted, shortened, and separated from each other. Many clustered nuclei were still apparent in the superficial layer of the myotubules at this stage. The extremely small myofibers were uni-or binuclear, and their cytoplasms were thin and slender without striations (Fig. 9 ). Adipose cells aggregated in some places. Leukocytes were not in the bundles. Muscular changes were in all 12 embryos, including one embryo with exencephaly, examined at 13 and 15 days after inoculation.
Aplastic changes of skeletal muscle were also seen in embryos in late stages. In markedly affected embryos, muscle was almost absent in bundles of the body, wings, and limbs. This slight change was usually focal, surrounding the blood vessel in the bundle. The marked aplastic change was in one embryo each, examined at 9 days and 11 days after inoculation, and at 13 and 15 days. Myotubule degeneration and heterophil leukocytes infiltration. Chick embryo inoculated with Akabane virus at 6 days incubation and examined 5 days later. HE.
Clumping of muscle cell nuclei in myotubules altered in shape and size (some with arrows) and heterophil leukocytes infiltration. Chick embryo inoculated with Akabane virus at 6 days incubation and examined 7 days later. HE.
Chick embryos infected at 15 days incubation. In the central nervous system, the nerve cells, neuroglial cells, and nerve fibers were differentiated so that the structure of the system resembled that of the adult on and after 15 days incubation. No significant lesions were found in any embryos examined 1 and 2 days after inoculation.
Encephalitic lesions were in ten of 24 embryos examined at 3 to 6 days after inoculation, or at 18 to 21 days incubation ( Table 3 ). The last day was the day of hatching.
Endothelial cells proliferated in and around the vascular walls, which were also infiltrated by heterophil leukocytes (Fig. 10) . Around the lesion, neuroglial cells were increased in number, and nervous tissue became rarefied on occasion (Fig. 11) . Nerve cells were degenerated in these areas. The lesion sometimes involved the meninges.
The lesion was usually focal and distributed in the neostriatum of the cerebral hemisphere and in the optic lobe. It was also found, to a lesser degree, in the diencephalon, medulla oblongata, and cerebellum. In the spinal cord, nerve cells in the ventral horns had undergone degeneration, eventually progressing to total chromatolysis. Skeletal muscle of embryos examined at 16 to 21 days incubation was in the myofiber phase. No myositic changes or other muscular lesions were noticed in any embryos examined.
Virus isolation
The virus was isolated from brains and limbs, including muscle tissue, of chick embryos inoculated at 6 days incubation and examined 2 to 15 days later. The infective titers of the virus were 103.5 to 106.0 TCID,,/O.l g in both tissues. In the embryos inoculated at 15 days incubation, the virus was recovered from the brain and muscle tissue 2 days later and thereafter. Higher titers were noted in the brain than in the muscle, i.e., 102.7 to 105.7 TCID5,/0.1 g and to 1 03.5, respectively.
Discussion
In Akabane disease, developing fetuses infected with the virus manifest congenital abnormalities both in the central nervous system and in skeletal muscle at bi~-th.~,~ Chick embryos used in our investigation were found to be appropriate experimental animals; lesion development in embryos infected via yolk sac was similar to that in ruminant fetuses infected transplacentally. Fig. 9 . Uni-and binuclear small myofibers. Chick embryo inoculated with Akabane virus at 6 days incubation and examined 15 days later. HE. Fig. 10 . Endothelium hyperplasia and heterophil leukocyte infiltration in vascular wall in frontal lobe of cerebrum.
Chick embryo inoculated with Akabane virus at 15 days incubation and examined 3 days later. HE. Fig. 11 . Hyperplasia of vascular endothelial cells and infiltrations of heterophil leukocytes in and around vascular walls in frontal lobe of cerebrum. Chick embryo inoculated with Akabane virus at 15 days incubation and examined 6 days later. HE. Encephalitis and myositis, the primary lesions in infected embryos in early incubation, were similar to lesions in bovine and caprine fetuses.' The initial necrosis and vascular endothelial cell hyperplasia of the undifferentiated nervous tissue preceded formation of cavities and vascular wall thickening in the cerebral hemispheres and the brain stem. Hydranencephaly was also a late sequential change caused by the primary encephalitic process in embryos infected in the early stage of incubation. It was characterized by absence of the neostriatum in the caudal portion of the cerebral hemisphere.
Myositis, another primary lesion, was seen in the myotubule phase of the skeletal muscle; this has been reported in bovine and caprine fetuses infected experimentally7 as well as in a bovine fetus with the spontaneous disease, from which the virus was isolated.6 Subsequent to the myositic process, regeneration of myotubules seemed inadequate. Differentiation of myofibers from myotubules appeared to be strongly inhibited in development, in spite of the limited duration of the inflammatory process. Two types of important muscular changes, myodysplasia and myoaplasia, which appear as sequels to the myositic process, were seen in the late stage of incubation.
Changes leading to development of abnormal myotubules and extremely small myofibers in the myofiber phase are considered to be related to myodysplasia. The extremely small myofibers seem to have developed from myotubules in the inflammatory process in the stage of development. The muscular changes, dysplasia and aplasia, resulted in emaciation and deformity of body and limbs.
Focal encephalitis was the only lesion occurring in embryos infected in the late stage of incubation, and it persisted until hatching. When infected, muscle tissue which became differentiated to the myofiber phase appeared to resist myositis, being different from the myotubules.
The encephalitic and myositic changes in chick embryos of the present experiment are similar to lymphocytic encephalitis and polymyositis in the adult animal, respectively.' Heterophil leukocytes were the most common hematogenous cells reacting to the inflammatory stimulation in chick embryos.
The virus was highly infective to both the central nervous tissue and the skeletal muscle in the myotubule phase in the chick embryos, causing inflammation. Besides Akabane virus, coxsackievirus A2 has been reported to produce primary myopathy, resulting in arthrogryposis, in chick embryos infected experimentally. I
